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Abstract: Controlled-release carriers for local drug delivery have attracted increasing 
attention for inner-ear treatment recently. In this paper, flower-shaped bovine serum albumin 
(FBSA) particles were prepared by a modified desolvation method followed by glutaraldehyde 
or heat denaturation. The size of the FBSA particles varied from 10 urn to 100 |J.m, and most 
were 50-80 urn. Heat-denatured FBSA particles have good cytocompatibility with a prolonged 
survival time for L929 cells. The FBSA particles were utilized as carriers to investigate the 
release behaviors of the model drug - rhodamine B. Rhodamine B showed a sustained-release 
effect and penetrated the round-window membrane of guinea pigs. We also confirmed the attach- 
ment of FBSA particles onto the round-window membrane by microscopy. The FBSA particles, 
with good biocompatibility, drug-loading capacity, adhesive capability, and biodegradability, 
may have potential applications in the field of local drug delivery for inner-ear disease 
treatment. 

Keywords: bovine serum albumin (BSA), controlled release, local delivery, round-window 
membrane 

Introduction 

Inner-ear disorders, including sensorineural hearing loss, occur commonly in 
the clinical setting. Traditional systemic therapies are almost ineffective, due to 
the blood-labyrinth barrier. The round-window membrane (RWM) is a semiperme- 
able membrane located between the middle-ear cavity and the inner-ear perilymphatic 
fluid. 1 It allows drugs less than 3 Jim in diameter to penetrate it. Therefore, local drug 
delivery, especially via intratympanic (IT) injection, has become popular due to its 
efficiency and safety. 1 

Local drug delivery to the inner ear by IT injection was first described by Schuknecht 
in 1956 in the treatment of Meniere's disease. 2 In 2001, Kopke et al reported a sig- 
nificant hearing improvement in patients with sudden sensorineural hearing loss after 
microcatheter administration of methylprednisolone. 3 

Although IT injection is easy to perform in the clinic, the loss of drug through 
the eustachian tube suppresses the efficiency of treatment for inner-ear disor- 
ders. Therefore, drug-delivery vehicles have been investigated for a sustained 
and prolonged supply. In 1998, Balough et al reported that fibrin-based vehicles 
impregnated with gentamicin were successfully injected into the middle ear of 
chinchillas, and allowed for a prolonged effect without absorption in the untreated 
ear or blood. 4 In 2010, Horie et al reported that drug-loaded poly(lactic-co-gly- 
colic acid) (PLGA) microparticles were capable of delivering lidocaine into the 
cochlea in a sustained manner. 5 The PLGA nanoparticles (NPs) were found to be 
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distributed throughout the inner ear after injection in the 
RWM of chinchilla. 6 Moreover, Tan et al demonstrated that 
brain-derived neurotrophic factor encapsulated in poly(L- 
glutamic acid) particles could be released in a sustained 
manner with maintained biological activity. 7 The brain- 
derived neurotrophic factor released efficiently rescued 
primary auditory neurons of guinea pigs with sensorineural 
hearing loss. 

Recently, there has been growing recognition that the 
shape of drug carriers plays an essential role in the design 
of materials with certain properties. Nonspherical particles 
have attracted increasing attention for their potential appli- 
cations in drug-delivery systems. 8 Many methods, such as 
film hydration, emulsion, template, microfluidic, mechanical 
stretching, and self-assembly can be used in the preparation 
of nonspherical particles. 9 " 18 It is of great importance to 
develop a simple method to prepare nonspherical particles 
with a high yield. 8 In this study, we demonstrated that bovine 
serum albumin (BSA) can form flower-shaped micropar- 
ticles via modified desolvation fabricated with template and 
salting-out methods. 

BSA is a natural protein able to form complexes 
with several molecules. 19 This protein is biocompatible, 
biodegradable, and nonimmunogenic. Due to these fea- 
tures, albumin particles are convenient systems for drug 
delivery. 12,19-21 Ge et al reported a method for creating 
hybrid organic-inorganic nanoflowers using copper(II) 
ions and proteins including BSA. 6 However, so far there 
have been no reports of flower-shaped particles made of 
BSA with a high yield and a simple procedure. There have 
been no reports either of such microparticles for local drug 
delivery to the inner ear. Here, we illustrate a method for 
creating flower-shaped BSA (FBSA) microparticles with 
biocompatible and adhesive capability with a high yield. 
A model drug (rhodamine B [RhB]) was loaded onto the 
FBSA for drug-loading and release studies. In vivo biodis- 
tribution suggested that RhB released from FBSA tended 
to accumulate for a long time on the RWM of guinea pigs. 
Therefore, FBSA particles are promising controlled-release 
carriers for local drug delivery in the treatment of inner-ear 
disorders. 

Materials and methods 

Materials, animals, and cell culture 

BSA, RhB, doxorubicin, and fluorescein isothiocyanate 
(FITC)-BSA were purchased from Sigma-Aldrich (St 
Louis, MO, USA). A Cell Counting Kit (CCK)-8 was 
purchased from Dojindo Molecular Technologies (Mashiki, 



Japan), and prednisolone was purchased from Tianjin Phar- 
maceuticals (Tianjin, People's Republic of China [PRC]). 
Ultrapure water used in all experiments was produced 
by Milli-Q® synthesis system (EMD Millipore, Billerica, 
MA, USA). 

Guinea pigs weighting 250-300 g were purchased from 
the Tianjin Experimental Animal Center, Tianjin, PRC, and 
had free access to food and water. Animal-study protocols 
were approved and performed in accordance with the recom- 
mendations in the Guide for the Care and Use of Laboratory 
Animals. 22 L929 mouse fibroblast cells (obtained from the 
Cancer Institute of the Chinese Academy of Medical Sci- 
ences, Beijing, PRC) were cultured in Dulbecco's Modified 
Eagle's Medium (HyClone™; Thermo Fisher Scientific, 
Waltham, MA, USA) containing 10% fetal bovine serum 
at 37°C and 5% C0 2 . 

Preparation of FBSA- 
and RhB-loaded FBSA 

A modified desolvation method was used to prepare the 
FBSA microparticles. BSA (100 mg) was dissolved in 1 mL 
of carbonate solution (0. 1 M, pH 8.4). Then, 8.0 mL of etha- 
nol was added dropwise (within 1 minute) into the mixture 
under magnetic stirring (400 rpm) at room temperature. 
Subsequently, the as-prepared FBSA particles were cross- 
linked with 0.2% glutaraldehyde (GA) for 24 hours or 
denatured at 70°C for 6 hours by continuous stirring. The 
FBSA particles were centrifuged and washed with ultrapure 
water. FBSA (50 mg) was incubated with certain amounts 
(5, 10, 15, 17.5, and 20 mg) of RhB for 2 hours in the prepa- 
ration of RhB-loaded FBSA (FBSA-RhB). 

Characterization of the FBSA particles 

Morphological characteristics were determined by 
transmission electron microscopy (TEM; JEM-100CX II; 
JEOL, Tokyo, Japan), scanning electron microscopy (SEM; 
Supra 55 VP; Carl Zeiss Meditec, Jena, Germany) and confo- 
cal laser-scanning microscopy (CLSM; FV-1000; Olympus, 
Tokyo, Japan). For TEM, a drop of diluted suspension of 
FBSA was placed on a copper grid, and the air-dried speci- 
men was observed. For SEM, a drop of diluted suspension 
was deposited on a silicon wafer. The air-dried sample was 
coated with gold and observed. FBSA-RhB particles were 
observed by CLSM at an excitation wavelength of 555 nm 
and an emission wavelength of 580 nm. 

The FBSA particles were dispersed in ultrapure water at 
a concentration of 0. 1 mg/mL. Zeta potential was determined 
by a Zetasizer Nano ZS particle-size analyzer (Malvern 
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Instruments, Malvern, UK). FBSA particles with or with- 
out desalting were air-dried and observed by SEM. An 
energy-spectrum analysis was performed on the "petals" to 
qualify and quantify the elemental composition. 

FBSA particles fixed with GA were divided into 
three parts: one for control, one for desalting, and another 
one for reaction with CaCl,. The three specimens were 
dried by evaporation, and confirmed by an X'Pert Pro X-ray 
diffractometer (Spectris, Egham, UK). 

Drug-loading capacity 

and encapsulation efficiency 

FBSA particles (50 mg) with heat denaturation were incubated 
with RhB (5-20 mg) for 2 hours. After being washed with ultra- 
pure water, the supernatants were collected and analyzed for 
residual drug concentration by ultraviolet-visible analysis. 

Drug-loading capacity and encapsulation efficiency were 
calculated as follows: 

drug-loading (w/w%) = amount of RhB in FBSA/amount of 
FBSAxlOO; 

encapsulation efficiency (w/w%) = amount of RhB in 

FBSA/RhB initially 
added x 100. 

In vitro drug-release behavior 

RhB release was evaluated in a standard static diffusion cell 
at a speed of 100 rpm in a shaker at 37°C. The amount of 
RhB was evaluated using an ultraviolet-visible spectrometer 
(560 nm). The amount of RhB released was evaluated at a 
series of time points (0-120 hours), and then the release curve 
was made accordingly. 

Cell-biocompatibility assay 

Cells were seeded in 96-well plates at a density 
of 1,000 cells/well, and further cultured for 24 hours. 
FBSA-GA or heat-denatured FBSA particles (FBSA-H) were 
added to each well for a 24-hour incubation. Cell viability 
was determined by CCK-8 and quantified by the ratio to the 
control. Untreated cells served as 100% cell viability. The 
morphology of L929 cells in each group was also observed 
by phase-contrast microscopy. After that, cells were cultured 
continuously for at least 7 days without changing the culture 
medium and observed by microscope. 

In vivo assay 

Guinea pigs were killed to sample the acoustic bullae (includ- 
ing the RWM). The acoustic bullae were placed in solution of 



FBSA and BSA NPs (the preparation of which was described 
in another paper by the same authors being reviewed) and 
shaken for 30 minutes at 37°C. The air-dried specimens were 
observed by SEM. 

The penetration of RhB released from the particles was 
evaluated by living images and microscopes. The same 
amount of RhB was incubated with FBSA-H particles and 
BSANPs in the preparation of FBSA-RhB andBSA-NP-RhB. 
Guinea pigs were anesthetized, and the R WMs were exposed. 
The FBSA-RhB and BSA-NP-RhB particles dispersed in 
phosphate-buffered saline were injected slowly into the bulla 
of the right and left ear, respectively. The left ear injected with 
BSA-NP-RhB was the control. An in vivo imaging system 
(Caliper IVIS®; PerkinElmer, Waltham, MA, USA) was used 
to trace the particles at time points of 0 and 48 hours. RWMs 
were then imaged by fluorescence microscopy to observe the 
distribution of RhB on them. Several days later, RWMs with 
particles were observed by SEM. 

Statistical analysis 

The statistical data obtained are presented as mean values 
and standard deviation. Student's Mest was used in 
SPSS 12.0 (SPSS, Chicago, IL, USA) to determine significant 
differences between groups, and P- values less than 0.05 were 
considered statistically significant. 

Results and discussion 

Morphology of FBSA particles 

During the preparation of BSA NPs by desolvation, we 
discovered stable FBSA particles by accident (Figure 1A). 
Figure 1 shows typical FBSA-GA (Figure IB) and FBSA-H 
(Figure 1 C) particles. Moreover, the corresponding TEM image 
(Figure IF) confirms that the particles showed a radical pattern. 
The size of these particles varied from 10 |im to 100 Jim; most 
of them were 50-80 |im. As shown in Figure IB, FBSA-GA 
particles were also in the shape of a flower, but changed 
slightly, maybe due to the stirring. Therefore, we can conclude 
that the morphology of FBSA particles shows no obvious dif- 
ference whether treated by heat or GA. However, there was 
little difference among the particles viewed by the naked eye; 
the colors of the precipitates were yellow (Figure IB, inset) 
and milk white (Figure 1C, inset), respectively. 

RhB was used as a model drug for observation and 
evaluation of drug-loading capacity. The fluorescent 
image of FBSA-RhB (Figure 2A) confirms that RhB 
is adsorbed on the FBSA. The FBSA and FBSA-RhB 
particles had zeta-potential values of -16.2 mV and 
+0.298 mV, respectively. The potential difference dem- 
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Figure 1 Structure of FBSA particles by electronic microscope. 

Notes: FBSA particles before fixation (A) and after fixation by glutaraldehyde (B) and denatured by heat (C) are demonstrated by SEM. The appearance of FBSA-GA (b 
inset) and FBSA-H (c inset) are also shown in the insets. The SEM images of NaHCO a crystal are demonstrated in (D) and (E). The TEM image of FBSA denatured by heat 
is demonstrated in (F). 

Abbreviations: FBSA, flower-shaped bovine serum albumin; SEM, scanning electron microscopy; FBSA-GA, glutaraldehyde-fixed FBSA; FBSA-H, heat-denatured FBSA; 
TEM, transmission electron microscopy. 



onstrated that the positively charged RhB might have 
had an interaction with the negatively charged BSA, 
which also promoted the attachment of RhB to the FBSA. 
We also prepared doxorubicin-loaded FBSA (Figure 2B), 
which also showed the same adsorption effect. Therefore, the 
model drug and small molecules affected certain parameters 
(such as size, shape, charge) of particles, which was in agree- 
ment with previous reports. 8,23 " 25 Then, we used FITC-BSA 
to prepare FITC-FBSA particles according to the afore- 
mentioned method. The shape of the FITC-FBSA particles 
(Figure 2C) was almost the same as those of FBSA. 



Mechanism of BSA formation 
in flower shape 

We repeated the aforementioned preparation procedure 
with NaHC0 3 only (hence, without the presence of BSA) 
and compared the shape with that of FBSA. As shown in 
Figure ID, it was also in the shape of a flower very similar 
to that of the FBSA (Figure 1A-C). We assumed that this 
was due to the BSA salting out in the presence of ethanol and 
adhering to the template of flower-shaped NaHC0 3 crystals, 
which was then confirmed by X-ray diffraction analysis. As 
shown in Figure 1, the shape of BSA was mainly correlated 




f ^ 
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Figure 2 Drug-loaded FBSA observed by microscopy. 

Note: The rhodamine B-loaded FBSA (A), doxorubicin-loaded FBSA (B), and fluorescein isothiocyanate-loaded FBSA (C) particles are displayed by fluorescent microscopy. 
Abbreviation: FBSA, flower-shaped bovine serum albumin. 
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Figure 3 Energy-spectrum analysis of FBSA with or without desalting. The sodium is 
absent after desalting, while the carbon is elevated obviously after desalting. Carbon, 
nitrogen, and sulfur are present in both specimens. 
Abbreviation: FBSA, flower-shaped bovine serum albumin. 



with the presence of NaHC0 3 . Energy-spectrum analysis of 
the specimen revealed that the element components in the 
FBSA with or without water wash changed dramatically 
(Figure 3): sodium was rich without wash while absent with 
wash (also means desalting), and the percentage of carbon 
was elevated from 16.10 wt% to 45.83 wt% with desalting. 
Carbon, nitrogen, and sulfur were detected in both specimens. 
We can conclude that the main component of flower-shaped 
particles was BSA. This also confirmed the existence of BSA 
in the shape of a flower. 

We noted that there was precipitation of Ca 2 C0 3 when 
CaCl 2 was added to the solution. The emergent Ca 2 C0 3 with 
the existence of Na 2 C0 3 NaHC0 3 -2H 2 0 (Figure 4) analyzed 
by X-ray diffraction might have enhanced the hardness of 
FBSA and changed it to a larger, thicker flower (Figure 4B, 
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Figure 4 X-ray diffraction (XRD) analysis of FBSA. 

Notes: The bright-field microscope images of FBSA (A [inset]) and FBSA with the addition of CaCI ; (B [inset]) before fixation are presented. The XRD analysis demonstrates that 
the components of FBSA (A) are Na,C0 3 and Na 2 C0 3 NaHC0 3 -2H 2 0. The components in FBSA (B) are NaCI, Na 2 C0 3 NaHC0 3 '2H 2 0, and Ca 2 C0 3 when CaCI 2 is added. 
Abbreviation: FBSA, flower-shaped bovine serum albumin. 
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inset). The formation of Ca 2 C0 3 may have been caused by 
the reaction between CaCl 2 and Na 2 C0 3 -NaHC0 3 -2H 2 0. On 
the other hand, the change in FBSA shape confirmed the tem- 
plate hypothesis. FBSA with enhanced hardness may have 
potential application in three-dimensional cell culture. 

Drug-loading and -release study 

We evaluated the drug-loading capacity and encapsula- 
tion efficiency of FBSA with the fluorescent dye RhB. 
The maximum drug-loading capacity of FBSA was 21.4% 
when 20 mg of RhB was added. This was attributed to its 
high surface area and confinement of RhB on the flowers. 
The encapsulation efficiency was 41.3% at the most and 
then decreased slightly. It was likely due to the electrostatic 
interaction, hydrophobic interactions, or diffusion of model 
drug. 10 - 23 According to Fick's law (J = -D dc/dx), higher 
loading capacity leads to a kinetic equilibrium state more 
quickly. The results in this report were consistent with the 
report of loading capacity of multidrug-loaded silk fibrillin 
described in Shi and Goh. 10 

The in vitro drug-release profiles of RhB from FBSA 
are shown in Figure 5. The profile showed that FBSA had a 
satisfactory controlled-release characteristic. The cumulative 
release of RhB over a period of 120 hours was 411.48 jig, 
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Figure 5 Controlled-release curve of rhodamine B from FBSA. 
Abbreviation: FBSA, flower-shaped bovine serum albumin. 

whereas the bounding amount of RhB was 5 mg, indicating 
good affinity between the FBSA and RhB. This was governed 
by Fickian diffusion, due to the electrostatic interaction 
between BSA and RhB, which restricted the release of posi- 
tively charged RhB from negatively charged BSA in vitro. 22 

In vitro cytocompatibility study 

To evaluate the cytocompatibility of FBSA, an in vitro exper- 
iment of FBSA-GA or FBSA-H against L929 cell lines was 
performed with CCK-8. Untreated cells (Figure 6E) served 



1 day 7 days 




Figure 6 Morphology of L929 cells cultured with different conditions at different time points. 

Notes: Cells were cultured with the addition of FBSA-H (A) and showed no change in cell proliferation (B). Seven days later, cells showed desirable viability. Cells cultured 
with the addition of FBSA-GA (C) showed obvious cell death (D). Cells cultured in normal conditions served as the control (E), and also showed cell death (F). 
Abbreviations: FBSA, flower-shaped bovine serum albumin; FBSA-H, heat-denatured FBSA; FBSA-GA, glutaraldehyde-fixed FBSA. 
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as 100% cell viability. The relative viability of cells with the 
addition of FBSA-H (Figure 6A) and FBSA-GA (Figure 6C) 
was 101 .0%+5.97% and 94.5%+12.8%, respectively. These 
results indicated that FBSA-H had better cytocompatibility 
with no inherent cytotoxicity. The slight cytotoxicity of 
FBSA-GA was in agreement with that described in Speer 
et al. 26 We also found an individual cell passing through the 
petal of FBSA (Figure 6A, indicated by arrow). All of this 
suggested that FBSA might be a good scaffold for three- 
dimensional cell culture, especially for tumor cells. 

For further illustration of the biological activity of FBSA, 
we cultured the cells for 7 days without changing the medium. 
The addition of FBSA-H significantly prevented cells from 
death in the culture (Figure 6B). On the other hand, cell death 
could be observed obviously in the control (Figure 6F) and 
FBSA-GA (Figure 6D) groups. This indicated that the addition 
of FBSA-H might have the function of providing nutrition and 
promoting cell proliferation due to the hydrophobic domain of 
such natural protein, just like silk fibroin particles. 10 FBSA-H 
had more advantages than other biomaterials, such as PLGA. 
However the nutrition properties of the proteins themselves 
on cell proliferation cannot compensate for the side effect of 
GA in the system, which explained the fact that most cells 
died in the FBSA-GA group (Figure 6D). This interesting 
finding shows that BSA is not only a soft material with good 
biocompatibility but also a nutrition provider. Further studies 
will focus on the assessment of FBSA drug delivery in the 
treatment of inner-ear disorders. 

Adhesive capability of FBSA on the RWM 

We isolated acoustic bullae with entire RWMs and com- 
pared the adhesive capability between FBSA and BSA 
NPs. SEM images revealed that FBSA adhered more firmly 
and deposited in multilayers (Figure 7B), while the BSA 



NPs deposited in a monolayer (Figure 7A). This may be 
attributable to the larger adherent area of FBSA than BSA 
NPs. We assume that the higher surface area and adhesive- 
ness make FBSA more suitable for local drug delivery. 

In vivo distribution of FBSA-RhB 

As for the good cytocompatibility and the higher activity of 
amino residue, 24 FBSA-H particle-loaded RhB was chosen 
to investigate the penetration of RhB through the RWM. 
The soft surface made of natural protein had the advantage 
of constructing the carriers, because cells had the ability to 
sense the hardness of the culture surface. 10 ' 27,28 

To confirm that the sustained release of RhB from FBSA 
was better than that from the BSA NPs, we injected FBSA- 
RhB and BSA-NP-RhB into the right and left acoustic bul- 
lae of guinea pigs, respectively. Living images were taken 
at two time points: 0 and 48 hours. We observed that there 
were strong fluorescent signals in both acoustic bulla regions 
taken immediately after the operation. Two days (48 hours) 
later, there was still an obvious fluorescent signal in the right 
ear, while little in the left (Figure 8A and B). This implied 
that FBSA-RhB was retained longer in the acoustic bulla, 
and thus was more suitable for drug penetrating through 
the RWM along the concentration gradient in a controlled- 
release profile. 

The guinea pigs were then killed, and the RWMs sepa- 
rated for observation. We noted the biomaterials were still 
on the RWMs (Figure 8C), which indicated the continu- 
ous attachment of BSA. The fluorescent images revealed 
the obvious deposition of RhB (Figure 8C, indicated by 
the arrow) with morphological change. We did not find 
flower-shaped particles on the RWM in SEM. There were 
two reasons we considered: one was the interference of salt 
crystals in phosphate-buffered saline, and the other was the 





Figure 7 Evaluation of FBSA attachment on the RWM of guinea pigs. 

Note: SEM images reveal the adherent difference between the BSA NPs (A) and FBSA (B). 

Abbreviations: FBSA, flower-shaped bovine serum albumin; RWM, round-window membrane; NPs, nanoparticles; SEM, scanning electron microscopy. 
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Figure 8 Images taken at different time points after FBSA-RhB was injected into the bullae of guinea pigs. 

Notes: FBSA-RhB was retained in the bullae longer than the BSA-RhB NPs (A, B), viewed by living images. The living images were taken immediately (A) and 48 hours later 
(B). The RWM was observed by microscopes after living images. The biomaterials were still on the RWM, viewed by stereoscopic microscopy (C). The fluorescent image 
further revealed the obvious deposition of RhB (C [inset]). There was no FBSA on the RWM in the SEM image (D), taken several days later. 

Abbreviations: FBSA, flower-shaped bovine serum albumin; FBSA-RhB, rhodamine B-loaded FBSA; RWM, round-window membrane; NPs, nanoparticles; SEM, scanning 
electron microscopy. 



degradation of natural BSA by enzymes or other factors. This 
should be studied further. 

Conclusion 

In summary, FBSA microparticles were prepared by a modi- 
fied desolvation method. We demonstrated that FBSA-H had 
great potential application for local drug delivery into the 
cochlea in the treatment of inner-ear diseases, due to its good 
biocompatibility, drug-loading capacity, controlled-release 
profile, and adhesive capacity. Further studies will focus 
on the evaluation of clinical drug-loaded FBSA, including 
prednisolone and dexamethasone sodium phosphate. We will 
evaluate their pharmacokinetics, pharmacodynamics, and 
delivery mechanism in a sensorineural hearing-loss model. 
FBSA also shed light on local drug delivery in the treatment 
of such inner-ear disorders as tinnitus, sensorineural hearing 
loss, and Meniere's disease. 
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